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Abstract

We fabricate graphene nanostructures for experimental studies on graphene plasmonics

and graphene-quantum dot interactions. We use a focused ion beam to mill structures

in a substrate, and deposit graphene on top. For plasmonics, we produce free-standing

graphene membranes with widths up to 2 µm on a gold substrate. For strong interactions

with quantum dots, we produce a hybrid system consisting of 750 nm and 1 µmwide circles

and trenches in a SiO2 substrate, quantum dots, and free-standing graphene membranes.

Using chemical doping, we induce changes in the Fermi level of graphene up to ∼200 meV,
we observe a spontaneous decay of the doping on a time scale of two days. We �nd that

our graphene technique yields mobilities of 3200 cm2/V·s.
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1 Introduction

Interactions between light and graphene can be very strong, opening a new �eld of possible

applications, such as photodetectors, chemical sensors etc. Two approaches towards the

enhancement of the light-graphene interaction are presented in this thesis: surface plas-

mon enhanced interaction of light with nanostructured graphene and strong interaction

of graphene with quantum dot excitations.

Graphene, being just one atom thick, induces new challenges for fabrication. In par-

ticular, nanofabrication of graphene is an emerging new �eld of engineering, important

for nanoelectronics and nanophotonics. In parallel, integration of graphene with other

materials, like metals or quantum dots into novel hybrid systems is important for solar

cells and photodetectors.

This thesis describes a project with the aim to overcome these new technological chal-

lenges and produce devices for graphene plasmonics and graphene opto-nano-mechanics.

We present work towards the fabrication of graphene nanoribbons for observing localized

plasmonic resonances, and a hybrid graphene-quantum dot system for graphene motion

detection.

In chapter 2 we present theoretical background of graphene and its extraordinary

properties. In chapter 3 we present sample fabrication techniques. Chapter 4 introduces

sample characterization techniques, and in chapter 5 we present the main experimental

results of the thesis.
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2 Theoretical Background

2.1 Graphene

Graphene is a single atomic layer of carbon with a hexagonal lattice. Two-dimensionality

of graphene results in an extraordinary electronic structure. Graphene was �rst isolated

in 2004 [1] and this discovery resulted in a Nobel Prize in Physics in 2010 for Andre

Geim and Konstantin Novoselov. Graphene is an interesting material to investigate from

a fundamental physics point of view, as it has the half integer Hall e�ect and electrons are

described as Dirac fermions. On the other hand, interesting applications of graphene arise

due to it being a zero band gap material. In a large part of the electromagnetic spectrum,

graphene absorbs ∼ 2,3 % of light, which is very high considering that graphene is only

one atom thick. The described properties of graphene have resulted in enormous interest

and intense research from the electronics, photonics, and plasmonics perspective.

2.1.1 Electronic Structure

Figure 1: Electronic dispersion in the hexagonal lattice. On the right picture: close up of
the energy bands close to one of the Dirac points. From [2]

Graphene has an interesting band structure resulting in the extraordinary properties due

to its two-dimensionality. Carbon atoms form a hexagonal lattice, resulting in the sub-

lattice consisting of 4 atoms. Each atom in a sub-lattice has 3 neighbor atoms at about

1,42 Å distance and is bonded to them by σ bonds. The forth bond is π bond and is

oriented in the z-direction. As there is no atoms to bond in the z-direction, π - bonds

are hybridized together to form the so called π - band and π∗ - band. Those bands are
responsible for most of the peculiar electronic properties of graphene [3] and for its strong

interaction with the substrate.

In Figure 1 the energy versus momentum dispersion relation for graphene is imaged.

Graphene is a zero band-gap material as conduction and valence bands meet at the Dirac
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points. The Dirac points are positions in momentum space at the edge of the Brillouin

zone.

The Fermi energy for neutral graphene is at the Dirac point, although it might be

signi�cantly altered by chemical or electrical doping. In chemical doping graphene is

interacting with the other material through mentioned π bands while in electrical doping

Fermi energy is shifted by created electrical potential. While shifting the Fermi energy

to the valence or conduction band, the polarity of the carriers changes from electrons to

holes and vice-versa.

If a region near one of the Dirac points is examined more carefully (Figure 1 on

the right) a linear cone-like dispersion is noticed. The linear dispersion relation is well

described by the Dirac equation for mass-less fermions [3]. Employing the tight binding

approximation for the Dirac Hamiltonian calculation, a velocity of charges in graphene

can be evaluated, resulting with Fermi velocity in ∼ 106 m/s, which is 1/300th of the speed

of light in vacuum. With this speed, charges behave as relativistic particles in graphene,

enabling tests of relativistic physics on a table top and opening new possibilities for fast

electronics.

2.1.2 Electronic Transport

Corresponding to graphene´s unique band structure described in previous section, graphene

exhibits novel transport e�ects such as the ambipolar �eld e�ect and minimum conduc-

tivity.

Figure 2: Ambipolar electric �eld e�ect in single layer graphene. The insets show low-
energy spectrum, indicating changes in the position of the Fermi energy with changing
gate voltage. From [4]
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By applying a gate voltage between a back gate and graphene, the charge carrier

density in graphene may be tuned. With applied positive voltage electrons are �owed

into graphene and their concentration, typically, is tuned from 1011 to 1013 cm−2, which

corresponds to 10 to 400 meV shift of the Fermi energy [5]. With applied negative voltage

holes become the dominant charge carriers.

The gate voltage induces a surface charge density:

n=
ε0εVg
te

(1)

where ε0ε and t are the permittivity and thickness of the insulating substrate, respec-

tively, e is the electron charge and Vg is the gate voltage. It is worth noting that carrier

density is accurately tuned by the gate voltage just away from the Dirac point.

At the Dirac point, carrier density theoretically should be equal to zero, but thermally

generated carriers and electrostatic spatial inhomogeneity limit the minimum charge den-

sity, resulting in a �nite minimum conductivity, typical for each individual sample.

Carrier mobility, µ, is an important parameter to quantify the e�ect of scattering pro-

cesses from the interaction with the substrate, defects in graphene itself and temperature.

Carrier mobility can be extracted from the resistivity of graphene:

µ =
1

enρ
(2)

In the lab, it is more practical to extract the �eld-e�ect mobility:

µFE =
1

C

dσ

dVg
(3)

where C is the gate capacitance, σ = 1/ρ and Vg is the gate voltage.

From 2 it is seen that mobility can be extracted if the resistivity is known. Experi-

mentally, resistivity of the graphene is measured using a standard 4-probe technique, that

is explained in more detail in Characterization part of the thesis (Ch. 5.1.2).

2.1.3 Synthesis

The aim of graphene synthesis is to produce high carrier mobility and a low density

of defects. Nowadays two main techniques to produce graphene are widely used. One

technique is mechanical exfoliation which results in small (up to 1 mm [6]) graphene

�akes that have high mobility, but the method is random, can not be well controlled and

is time consuming. Another technique, Chemical Vapor Deposition (CVD), employs a

transition substrate, results in bigger areas, but the synthesized layer has more defects

and usually lower mobility.
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Mechanical exfoliation was developed by Geim and Novoselov. This technique employs

highly oriented pyroelectric graphite as a precursor. There are a few techniques to obtain

graphene �akes, two of which were used during the project and are described in detail

in the Fabrication part of the thesis (Ch. 3.2). The main idea of mechanical exfoliation

is that forces acting between layers are weaker than in-plane forces between the carbon

atoms and it is possible to separate stacked layers of graphite. Di�erent kinds of sticky

tape may be used to rip-o� graphite layers. Few-layer graphene �akes were found to have

ballistic transport at room temperature and mobilities as high as 15 000 cm2/Vs and 60

000 cm2/Vs at 4 K [7].

During CVD process, carbon is supplied in gas form and a metal serves as both catalyst

and substrate to grow the graphene layer. Di�erent metals may be used, such as Ni, Pd,

Ru or Cu. Graphene growth on copper is mostly used as it results in high mobility (up to

16 000 cm2/Vs, [8]). During the CVD process, a 25 µm thick copper foil is heated to 1000

°C in a �ow of hydrogen at low pressure and then exposed to methane �ow at particular

�ow and pressure. During the process the graphene layer is strained on the copper foil

due to the high temperature growth [9]. Usually there is a need to transfer graphene layer

from copper to the other substrate and the resulting layer contains cracks and wrinkles.

Other techniques to grow graphene layer exist: thermal decomposition of SiC, molec-

ular beam deposition and etc, result in good quality graphene with high mobility.

2.2 Graphene plasmons

Plasmons are quasi particles of plasma oscillations. Surface plasmons polaritons (SPPs)

are propagating solutions to Maxwell´s equations at a metal-dielectric interface [10].

Metal plasmonics are involved in many �elds, and new applications emerge, such as opti-

cal nanoantennas [11], photonic metamaterials [12], optical biosensing [13, 14], etc. The

SPP property that enables many applications is tight light con�nement[15]. Noble metals

are known as good plasmonic materials [16], but they are hardly tunable and exhibit large

Ohmic losses that limit their optical applications [15].

Graphene is an alternative plasmonic material as it provides tighter con�nement and

long plasmon propagation distance. Graphene plasmons may be involved to enhance light-

matter interaction [17]. Moreover, graphene is a tunable plasmonic material, as doping

level (carrier density) de�nes the plasmon resonance [18].

Recently, in [18] was reported the �rst experimental launch and detection of prop-

agating optical plasmons in tapered graphene nanostructures using near-�eld scattering

microscopy with infrared excitation light. Before, graphene plasmons were registered only

spectroscopically [19, 20].
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Figure 3: Propagating and localized graphene plasmons. a) Experimental con�guration
for launching and detecting propagating surface waves in graphene. An AFM tip is
illuminated by λ0 - infrared laser radiation. b) Near-�eld amplitude image of a tapered
graphene ribbon. c) Color scale image of the calculated local density of optical states
(LDOS). From [18]

In Figure 3 propagating and localized plasmons are imaged. A metalized AFM tip is

illuminated with infrared radiation, launching plasmons into graphene. Plasmons prop-

agate and get re�ected from taper edges creating interference fringes. The plasmons are

detected by scattering from the AFM tip back into detector. Interference maxima are sep-

arated by half a plasmon wavelength (λp/2). Experimentally found plasmon wavelength is

40 times smaller than the free space excitation wavelength. Due to the di�raction limit, a

small wavelength is desired for tight light con�nement. Plasmon wavelength reduction can

be explained by the two-dimensionality of graphene and its unique optical conductivity:

2π

λp
≈ ω(εr + 1)

4πIm {σ}
(4)

where λp - plasmon wavelength, εr - substrate permittivity, σ - optical conductivity

and ω - frequency of excitation radiation.

The plasmon wavelength, for a doping level EF exceeding Ep, is given by:

λp ≈ λ0α
EF
EP

4

εr + 1
(5)

where λ0 is excitation wavelength, EF - Fermi energy, Ep - plasmon energy and α -

the �ne structure constant, α ≈ 1/137.

A standing plasmon wave is formed at a certain width of the taper corresponding to the

resonant conditions (doping level and excitation wavelength). The interference pattern,

recorded by scanning an AFM tip, is closely related to the local density of optical states
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(LDOS), that can be calculated solving the Maxwell equations for a dipole source p at

location r0:

LDOS = LDOSvac +
1

2π2ω|p|2
Im
{
Eref(r0) · p∗} (6)

where LDOSvac = ω2

3π2c3
, Eref - the �eld re�ected by nearby structures and evaluated

at the position of the source dipole. The interference fringes inside the ribbon decay due

to both the circular character of the plasmon and intrinsic losses.

The Fermi energy with the corresponding carrier density in graphene can be tuned by

applying a back gate voltage:

EF ∝
√
Vg − VD (7)

where VD is the o�set voltage due to the intrinsic doping of graphene. The plasmon

wavelength is increased with increasing gate voltage.

Localized plasmon modes occur at speci�c widths of the ribbon (W = 0,37λp and W

= 0,82λp) due to Fabry-Perot type resonances.

Another characteristic parameter of the plasmons is their propagation length. Plasmon

propagation length is de�ned by the distance in which plasmon energy decays by a factor

of 1/e, and describes losses in the material. Plasmon propagation length in graphene is

de�ned by its quality, in electrical terms it is best represented by carrier mobility.

From eq.5 it is seen that the plasmon wavelength depends on the dielectric constant

of the substrate: a larger substrate dielectric constant yields a smaller graphene plasmon

wavelength.

The mentioned experiment demonstrates the electrical control of con�ned and prop-

agating plasmons, opening a new area of active nanoscale photonic devices. In order to

have longer plasmon propagating lengths, higher mobility graphene is needed [21]. A

few possible ways to improve graphene mobility exist [22, 23], including is free standing

graphene.

In [24], the interaction of photoexcited carriers with substrate phonons is investigated,

concluding that surface phonons are dominant for carrier energy loss, yielding another

reason to use suspended graphene, as suspended graphene does not have interaction with

the substrate.

In the case of free standing graphene, in eq.5 εr is equal to 1 (air) resulting in longer

plasmon wavelength compared to graphene on a substrate with higher permittivity. A

longer wavelength results in a wider resonance width of a graphene ribbon for the same

excitation wavelength.

There are di�erent methods to suspend graphene. In [22] a suspended graphene sam-
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ple is described where the substrate is etched away and graphene is free standing just

supported at the connection points to the contacts. The same goal can be achieved by

structuring a material with holes and then transferring graphene on top. This method has

the advantage of �exibility of possible shapes allowing for nano-engineering free-standing

graphene.

In order to have suspended graphene for plasmonic applications a proper material

should be chosen for the support. Gold would give e�cient re�ection of plasmons prop-

agating in graphene. However, it is not well known how the back gate doping would

a�ect suspended graphene on gold. In [25] the graphene and gold interface is investigated

reporting that the charge carrier di�usion length at graphene-metal interface is around

1,6 µm, meaning that suspended graphene structures should be made larger to account

for this di�usion length.
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3 Fabrication techniques

3.1 Structuring

Various techniques exist for fabricating nano and micro structures. Lithography is nowa-

days the most commonly used technique. A relatively economical optical lithography

system can provide features down to 1 µm, while using electron beam lithography fea-

ture size can be reduced to less than 60 nm. Both mentioned lithography techniques

employ photo resist. The resolution limit in optical lithography is determined by the

wavelength of the radiation and in electron beam lithography resolution is limited by the

quality of the used resist, as not only the exposed area matters but also the path of the

scattered electrons (proximity e�ect) [26]. 10 nm resolution achieved with electron beam

lithography [27] is reported but this preciseness can be achieved just with a particular

con�guration and structure. Also possible patterns are limited by the lift-o� process as

the gaps between the structures that are close to each other may not be removed. Another

drawback of optical lithography is that a mask is involved in the exposure process, so in

order to have particular structures �rst a mask has to be designed and ordered, limiting

the variety of structures. An alternative nanofabrication technique is Focused Ion Beam

(FIB) lithography. This technique is mask-less, precise (structure size around 10 nm) and

does not involve resist.

3.1.1 Focused Ion Beam Lithography

Figure 4: Ions interacting with substrate

The working principle of FIB and Scanning Electron Microscope (SEM) are similar, how-

ever the underlying mechanism of ions and electrons interacting with the substrate is

di�erent. Ions are almost 5 orders of magnitude heavier than electrons, and they have

a bigger e�ective cross section, resulting in a higher probability of interaction with the

atoms of the substrate. As a result, ions interact with the surface and electrons penetrate
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into the bulk of the substrate. Electrons are scattered by the substrate material while

interaction with ions results in ejection of substrate atoms (Figure 4).

Modern FIB systems consist of these main parts:

� Ion gun and ion beam shaping system,

� SEM,

� Detectors for imaging,

� Vacuum system and stage mechanics.

Available FIB system

In Figure 5 a schematic of the FIB employed for this thesis is presented. Auriga Cross

Beam FIB machine made by Zeiss was used. SEM and FIB columns are called GEMINI

and COBRA, respectively. GEMINI may reach an imaging resolution better than 2 nm

for an optimal sample while COBRA resolution may reach less than 2,5 nm. The FIB

column is tilted by 54� with respect to the SEM column.

A liquid ion source of gallium (Ga+) serves as an ion source and electrons are extracted

from the �lament while applying a current through it. Electrons and ions are accelerated

by applied voltage and focused by electrostatic lenses. Stigmators correct astigmatism of

the beam and keep it rotationally symmetrical. Ion beam current may be chosen between

1 pA and 50 nA. Beam current is de�ned by a set of mechanical apertures that are

controlled by the software, and automatically adjusted condenser settings.

Secondary electrons secondary ions (SESI), back-scattered (BSE) and secondary elec-

trons (SE) detectors are used for imaging the substrate and milled structures. SE detector

provides information about the surface structure. It is placed in the SEM column above

the objective lens and detects directly in the beam path. This con�guration gives high

detection e�ciency but results in higher optical aberrations as electrons cross the lens

twice. A back-scattered electron detector is located above the In-lens (SE) detector and

gives information about the material contrast. A �ltering grid before the BSE detector

�lters SE that pass through the In-lens detector. SESI is the mostly used detector as it

can detect secondary electrons and secondary ions also, so it may be used as a detector

for both SEM and FIB imaging. Which particles are detected depends on the polarity of

the voltage applied on the collector grid (4 in Figure 5).

The vacuum is essential for operating the FIB system. The gun head, column and

specimen chamber have to be evacuated. Vacuum prevents collisions of ions/electrons

with gas molecules. The system has a few di�erent vacuum levels. Highest vacuum is

reached in the gun head chamber.

The specimen stage is a 6-axis motorized eucentric stage controlled by software.

An additional tool of the FIB system is a gas injection system. A �ow of nitrogen
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Figure 5: Schematics of the FIB, 1 � FIB column, 2 � SEM column, 3 � SESI detector, 4
� collector grid, 5 � specimen. From [28]

gas helps to neutralize the accumulated charge on the substrate. This improvement is

essential for non conductive substrates where an accumulation of charge may interfere

with beams and distort normal working conditions.

Another helpful tool that the FIB system employs is the software, NanoPatterning

and Visualization Engine (NPVE). Using this software it is possible to mill up to 2000

structures with one command. Also it is possible to program a step and repeat program

if more than 2000 structures are needed. Using NPVE it is possible to vary all the

parameters that are important for structure shape and quality, as will be explained in the

following sections.

Setting up the FIB

It is crucial that ion and electron beams coincide at the same point of the sample substrate

as it is wanted to structure and image at the same position of the sample. Moreover, the

ion beam has to be perpendicular to the substrate because when ions come perpendicular

it is possible to de�ne the holes that the ions make, yielding better resolution. For these

reasons a two-step alignment procedure of the stage is performed each time a new sample

is loaded. During the �rst step the rotation point is chosen (eucentric axis is de�ned).

This procedure is half automated as just a reference point has to be kept in the center

of the �eld of view while the software is de�ning the eucentric axis by itself. After this

procedure the sample can be tilted and still the same point would be imaged, and beam

would stay in focus. Then the specimen with the sample is tilted perpendicular to the
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ion beam, meaning that specimen is tilted by 54° in order to compensate the tilt of the

FIB column. The next alignment step is to move the specimen to the ion beam focus

point (focal distance is 5 mm). The coincidence of the beams is checked, where the

same reference point is chosen for the electrons and the ions. Coincidence is corrected

by changing the Z position (closer or further from the source) with micrometer precision.

Further focusing (with nm precision) is performed for both beams and astigmatism is

corrected. Precise alignment in the 2 steps is important especially when the sample size

exceeds the standard sample holder size, because of the risk of damage to the SEM column

as the sample gets very close to it.

Beam current

As mentioned before, the ion beam current can be varied from 1 pA to 50 nA. A bigger

current results in faster milling of structures, but the focus point is larger. With a smaller

ion current it is possible to make small and precise structures, but the focus is not easy to

reach as smaller current results in weaker imaging contrast. The destructiveness of ions

has to be taken into account, as imaging and moving around the surface of the sample

with a high current results in destruction of the top layers of metals, such as gold. As the

beam current is changed by changing mechanical apertures, which might not be perfectly

aligned to each other, after changing the beam current the focus and astigmatism need

to be checked. For that reason, a suitable beam current is de�ned for a speci�c structure,

and then it is kept constant.

Imaging with the electron beam has the drawback that while imaging a carbon layer is

deposited on to the sample. For this reason, after FIB structuring of a sample, a cleaning

procedure is highly recommendable.

Focus

Figure 6: Example of the size test. A range of sizes is milled, and the desired size is
selected.
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Precise focusing of the ion beam is important because it de�nes the minimal spot size

that may be reached. If the focus is not sharp, the actual size of the structures is di�erent

form the values de�ned in NPVE software. In that case a smaller size of the structure

may be de�ned in the software to compensate for imperfect focus. A test of the structure

size is performed and the desired size selected (Figure 6).

Dose

Figure 7: Examples of the dose tests. a) A dose test on the silica. The depth is measured
and the desired dose is chosen. b) A dose test on gold. A dose for the best removal of
the top layer is chosen. c) A dose test of gold on silica, where not only the top layer is
wanted to remove but also the certain depth of silica.

The ion beam dose de�nes the depth of the milled structures. It is di�erent for di�erent

material and layer thickness. A test of the dose is made before a new design is imple-

mented, or when a new material or thickness is used (Figure 7). The resulting dose is

di�erent for di�erent focus of the ion beam, so for precise structuring the dose should be

de�ned each time the system is set up. Using the software, the milling dose is de�ned.

The dose is varied by changing the dwell time or the number of scans across the struc-

ture. For smaller structures (around 50 nm), it is recommendable to make just one or

two scans through the structure and vary the dwell time parameter, because it results in

better quality of the structure, as more scans result in broadening of the structure. For

bigger structures (in the order of 1 mm) the milling time is constant (1 ms) and the number

of scans de�nes the total dose, as more scans result in more even distribution of used dose

across the structure.

Also there is possibility to choose the direction of milling (inside-out or outside-in,

up or down the structure). This parameter is critical for small and precise geometry

structures, for example while making nanoantennas [29]. Di�erent milling direction results

in di�erent redeposition of the evaporated material. In order to correct for redepositing

the material on top of the structures, a second scan with a smaller dose may be performed.
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Astigmatism

Correction of the astigmatism is important to attain the correct shape of the milled struc-

tures. In Figure 8 examples of astigmatism distorted structures are given. Astigmatism

correction has to be performed not only for the ion beam, but also for the electron beam,

because it a�ects the quality of the images made. Astigmatism correction is an iterative

process, in the sense that after correcting the astigmatism in one direction (for example

X), the focus procedure has to be repeated and then astigmatism in the other direction

may be corrected and the beam focused again. The astigmatism correction procedure is

repeated a few times, until a wanted result is reached.

Figure 8: Examples of astigmatism distorted structures. a) Astigmatism in both spatial
directions also the imaging system (the electron beam) is astigmatic b) Not well focused
beam and astigmatism in both spatial directions c) Corrected astigmatism

3.1.2 Optical Lithography

As mentioned before optical lithography is used for the structures that do not require

nanometer precision. As nanostructures are di�cult to �nd in macro scale (using optical

microscope), optical lithography was used in order to make markers for de�ning the posi-

tion of the structures that were made by FIB afterward. Also pads of gold for plasmonic

nanocavities were done using optical lithography. Contact lithography was used in order

to reduce light di�raction from the edges of the mask structures. Optical lithography

includes several steps:

� Spin-coating of the photo resist,

� Alignment of the mask to the sample,

� Exposure,

� Development,

� Evaporation,

� Lift-o�.

Substrate cleaning before spin-coating resist is an important part of the process as

dust particles trapped in the resist may damage the mask and also would result in a worse
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quality of the structures. Coated substrate is aligned with the mask and then exposed with

the UV light. Exposure time depends on the photo resist used and the particular device

provided light �ux. After exposure the sample is developed, during which, depending on

the polarity of the photo resist and the mask used (pattern wanted to achieve), exposed or

unexposed parts of the resist are removed. With sample baking at a certain temperature

and a double exposure, it is possible to invert the structure provided by the optical mask

(get negative of it). After development of the sample etching or evaporation may be

performed depending if structures are wanted to be hollow or prominent. In our case

we wanted to get an extra layer of gold on silica substrate so after development of the

exposed resist an evaporation was performed. In order to have better gold adhesion to

silica a thin layer of titanium (from 2 nm to 4 nm) is evaporated at the beginning of the

process. For the use of markers 100 nm of gold was evaporated. Also the pads for purpose

of contacting had to be thick enough not to be destroyed during wire bonding procedure.

After the evaporation a lift-o� process is performed in order to dispose metal evaporated

all over the sample and leave just in those areas where resist was washed away during

development.

3.2 Mechanical Exfoliation

As mentioned in the �rst chapter exfoliated graphene has better quality than that pro-

duced by CVD. But this method is not highly reproducible and is relatively slow. During

the project, two techniques for making graphene �akes were used.

Figure 9: A single layer graphene �ake on 90 nm of SiO2 layer

Both of them include the same �rst step of exfoliating a piece of graphite from one

sticky tape to the other until a thin layer of graphite is reached. This process is a

compromise between two goals to have thin enough layers of graphite but also to keep

large coverage area. Mechanical exfoliation is a random process so the bigger the area
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covered by graphite, the bigger the chance to �nd a single layer graphene �ake. Also a

piece of graphite is tried to cleave in a way that as big as possible plane crystal surface is

reached.

Next step is graphite transfer on to the substrate. In order to be able to visualize

thin �akes a special substrate is used (silica on silicon). Additional contrast is given by

the constructive interference between the light re�ected from the surface of the substrate

and the lower interface of silica with silicon. In order to have constructive interference a

thickness of the silica layer has to be chosen properly, usually a 285 nm or 90 nm thickness

is used.

One of the most important parts in mechanical exfoliation is the cleanness of the

substrates. In order to check if a substrate is clean a dark �eld microscopy is used. In the

dark �eld microscope, only light scattering objects are visible and in this case it is dirt

or dust particles. For cleaning a substrate a few procedures can be performed: besides

the usual chemical cleaning (acetone, isopropanol, nitrogen blow drying), samples can

be cleaned in oxygen plasma cleaner or heated to 350 °C. Also more aggressive piranha

treatment could be performed. It is worth noting that oxygen plasma cleaning has not only

a function of dirt etching but also chemically activating the surface for better interaction

with graphene (graphite).

In the �rst graphene exfoliation technique a sticky tape with graphite was pressed on

to the substrate and then gently brushed for about 5 min. This method did not result in

a big yield of �akes transferred and also the average �ake dimensions were on the order

of 5 µm on 5 µm. Flakes of this size are too small for plasmonic experiments in the

mid-infrared part of the spectrum, in which the wavelength of light is on the order of 10

µm. In order to have bigger graphene �akes another technique was employed.

For transfer of �akes from sticky tape to the substrate an alternate method is used. A

tape is pressed to the substrate trying not to have air bubbles in between. Then substrates

with tapes are placed in MIBK solution on 50 °C until the tape peels o� by itself, leaving

�akes on the substrate. After that, the substrates are held in isopropanol for 2 min also on

50 °C, followed by nitrogen blow drying. The next step is heating the substrates on 150 °C

for 10 - 15 min in order to evaporate the residues of the solvent. After the substrates cool

down a second exfoliation can be performed during which a sticky tape is gently pressed

to the substrate and with slow removal of the tape thick graphite layers are removed or

thinned. The last step could be repeated a few times. The described technique resulted

in a bigger yield of transferred �akes as well as bigger size of graphene �akes (on the order

of 20 µm by 20 µm). Last step of mechanical exfoliation is the identi�cation of single

layer graphene �akes, using optical microscopy and Raman spectroscopy. The Raman

spectrum and its characteristics are presented in more detail in the 4th chapter.
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3.3 Transfer

In order to have suspended graphene, it has to be transferred on the structures. After

exfoliating and characterizing a graphene �ake there is a need of technique to transfer it on

to the other substrate. Also CVD graphene may be transferred on patterned structures.

There are a few main transfer techniques used, described in [30], [23].

3.3.1 Transfer of graphene �akes

Figure 10: A single layer graphene �ake with the cellulose solution on top, before the
transfer. A picture is made in order to be able to recover the position of the �akes when
cellulose is transferred on the surface of the water.

In order to transfer �akes of graphene a wedging transfer technique described in [30] was

used. A drop of Cellulose acetate butyrate, 30 mg/ml solved in Ethyl acetate is put on

the identi�ed �ake. Then plasma treatment of the substrate for 5 s is performed in order

to make surface hydrophobic. After, the cellulose solution is put around the �rst drop.

When cellulose gets dry the edges of it are scratched away such that water would be

able to penetrate between cellulose and substrate. Next objective is to transfer cellulose

solution with trapped graphene on to the surface of deionized water. A petri dish is �lled

with deionized water and substrate with scratched cellulose is slowly dipped at 45º angle.

Water starts slowly lifting o� the edges of the cellulose, if cellulose does not lift o� from

the �rst dipping, the procedure is repeated until it does. The pureness of the water is

important in the sense that all the particles that are inside the water may contaminate

graphene �ake and reduce it's quality. For that reason a petri dish is cleaned in acetone

and isopropanol and oxygen plasma cleaned for 30 s from both sides.

A substrate on which a �ake is to be transferred is cleaned thoroughly (in acetone and

isopropanol for 10 min and plasma cleaned for 30 s) as the sticking of the graphene to the

substrate depends on the surface properties. Substrate is sunk at the bottom of the petri
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dish. Petri dish with �oating cellulose and substrate at the bottom is placed under the

microscope. Microscope is focused on the substrate and target place is positioned to the

center of the �eld of view. Afterwards, the focus is changed to the surface of the water,

the cellulose is trapped with two needles that can be positioned with micro manipulator in

3 directions. It is hard to see graphene under cellulose as it does not have an interference

enhanced contrast with the substrate. It is possible to position graphene according to the

surrounding thicker graphite pieces.

A focus of the �ake is changed by either changing the distance to the objective or the

applied force with the micro manipulator. Once the cellulose is trapped micromanipula-

tors applied force should not be changed anymore. The water level in the petri dish is

slowly reduced and the petri dish is raised towards the focus at the same velocity in order

for cellulose not to lose contact with the needles. The water is removed until cellulose

lands on the substrate, the most careful alignment is then performed as it is possible to see

in focus the �ake and the structure. It is still possible to move cellulose on the top of the

substrate as there is still some water trapped, but the applied force on the needles should

be chosen carefully as it may scratch the substrate. In case of silica on silicon scratching

of the top layer would result in leakage while applying back gate voltage. After the water

evaporates cellulose is dissolved with ethyl acetate (for half an hour on the stirring plate

with around 40 turns per minute). It is important to let the water dry until no water is

trapped between cellulose and the substrate as presence of water may result in �ake not

sticking to the substrate and being washed away with ethyl acetate.

Figure 11: The sample with the transferred cellulose and graphene under it. Graphene is
not visible in the picture, alignment was done according to surrounding graphite pieces.
The graphene is transferred onto 4 probes for mobility measurements.
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3.3.2 Transfer of CVD graphene

It is possible to buy CVD graphene on copper as well as on silica substrate. If CVD

graphene is to be transferred from silica substrate the same procedure as wedging is used

while transfer from copper employs di�erent transfer method.

Figure 12: Schematics of CVD graphene transfer. a) CVD graphene on copper and
PMMA layer before the transfer. Graphene layer from the bottom of copper is etched
with oxygen plasma. b) CVD graphene on copper and PMMA layer during the etching
process in FeCl3 solution c) Glass slide with graphene and PMMA on top during the
transfer from acid to water d) Graphene with PMMA on top on the surface of the water
e) Graphene with PMMA on the substrate

A copper foil with graphene deposited on both sides is cut in the dimensions that are

needed. One side of the copper foil is etched with oxygen plasma (for 30 s). A layer of

PMMA is spin-coated on the other side and baked, spin-coating and baking parameters

depends on the resist used, in our case it was 3000 rpms for 30 s and 180 °C baking

for 1 minute. The PMMA layer has a protective and support function for the graphene.

Other side of the copper is carefully cleaned with acetone. Next step is immersion of

the copper with graphene and PMMA layer to the etching solution, in our case it was 1

molar concentration of FeCl3 acid. Other acids could be used also, but according to [31]

FeCl3 etching results in slow and e�ective etching of copper and does not form gaseous

products or precipitates. That results in better quality graphene with less wrinkles and

mechanical stress. After copper is etched away and structure becomes transparent it is

recommendable to leave it in etching solution for 60 - 80% of the time longer. Etching

time depends on acid concentration and temperature, according to the recipe used etching

was performed at 70 °C and it usually took 40-50 min.

The next step is to transfer PMMA with the graphene at the bottom to the substrate.

In order to stop the etching process, PMMA is transferred on the surface of deionized water

with a clean glass or silicon substrate. Then it can be transferred to the actual substrate

and dried with nitrogen �ow. A drop of PMMA is put on top of the transferred �lm, for

reduction of the mechanical stress, and let dry for about 30 min at room temperature.

The last step is PMMA removal. It is important that PMMA would be removed as
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much as possible, for that reason it might be left for a few hours in NMP at 70 °C and

then cleaned with acetone and isopropanol.

3.4 Chemical doping of graphene

Beside the electrical gate doping of graphene it is possible to dope it chemically. Two

mechanisms of chemical doping exist: surface transfer and substitutional doping.

In surface transfer an exchange of electrons is achieved by the interaction of material

that is wanted to be doped and doping material. Surface transfer doping does not disturb

graphene structure and is usually reversible process, spontaneously decaying in time.

Substitutional doping relies on the substitution of carbon atoms by atoms with di�er-

ent number of valence electrons. The incorporation of di�erent atoms results in disruption

of graphene structure and its sp2 hybridization [32].

In the scope of the thesis surface transfer chemical doping using nitric acid was per-

formed. Doping with nitric acid results in p-type doping. During the doping process

graphene is exposed to 60 % nitric acid vapor. A beaker with 10 ml of nitric acid is

placed in the plastic jar of approximate volume of 800 ml, a graphene sample is mounted

underneath the lid. The doping process is temperature dependent as it determines the

vapor concentration produced, in our case doping was performed in room temperature (21

ºC). The time of graphene interaction with vapor determines the e�ect of doping, results

are presented in Results section.

22



4 Characterization techniques

4.1 Raman spectroscopy

Raman spectroscopy is a powerful tool for graphene characterization. Raman spectrum

provides information about the electronic structure of the material. Rotational, vibra-

tional and other low-frequency modes of the electronic system can be probed due to

inelastic scattering. As vibrational modes are typical for chemical bonds, and each ma-

terial has its unique Raman spectrum, this technique is usually used as an identi�cation

technique of the speci�c material.

Graphene is one of the materials that have a typical Raman spectrum �ngerprint.

From Raman spectrum of graphene it is possible not only to identify the number of layers

but also to judge about graphene quality or doping level. [33] Raman spectrum of the

graphene has 3 typical peaks: the G band at around 1580 cm−1, 2D peak at around

2680 cm−1 and D band at around 1350 cm−1which is a disorder induced peak and good

quality graphene does not have it. The intensity ratio of the G and D band can be used

to characterize the number of defects in graphene [3]. Graphene interaction with the

substrate is very important, SLG on di�erent substrates has di�erent Raman spectra.

[34] Most commonly used substrate is silica, so typical features for graphene on silica

will be presented, but it should be kept in mind that while dealing with other substrates

Raman calibration should be considered.

There are few features of Raman spectrum of graphene that testify it being single

layer. First feature is ratio between G and 2D peaks intensity, for SLG on silica it should

be not less than 2. Other typical feature is 2D peak width at FWHM and its shape.

It should be not more than 35 cm−1 broad and have symmetrical Lorentzian shape. A

typical Raman spectrum of SLG on SiO2is depicted in Figure 13.

Figure 13: Typical Raman spectrum of graphene

In Figure 14 change of G peak position and the ratio between G and 2D intensity
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as a function of doping are imaged. These plots from [33] were used to estimate doping

of particular sample from Raman spectra. Although in order to judge about the doping

of particular sample a 4 probe measurement should be performed for calibrating doping

level and shifts in Raman spectrum features as di�erent substrates give di�erent intrinsic

doping.

Figure 14: a) Position of the G peak as a function of electron and hole doping. The solid
blue line is the predicted non-adiabatic trend from [35]. b) The in�uence of hole and
electron doping on the ratio between 2D and G peaks. From [33]

4.2 4 probes measurement

4 probes measurement is a way to measure graphene resistivity. It is possible to measure

device resistance using just 2 probes, but in that case the resistance of the contacts is

included. Usually contact resistance is much smaller than electronic device itself, but in

graphene devices, as the resistance is small away from the charge neutrality point and the

sample is small, contact resistance may dominate the measured e�ect. When a 4 probes

measurement is done the contact resistance is subtracted, as there is a constant current

�owing between source and the drain and the drop of voltage between two contacts in-

between them is measured. From this measurement it is possible to de�ne mobility and

intrinsic doping of the sample, as Dirac peak minimum position is changed with doping

and the shape of the peak de�nes mobility. It is possible to measure back gate voltage

dependence of the resistance of graphene with a �fth probe contacting silicon.

A typical sample schematics to measure transport properties of graphene are pictured

in Figure 15. Graphene is deposited on oxidized silicon wafer, electrical contacts, usually

made from gold, are deposited by lithographic processes.

An applied gate voltage on the back gate creates an electrostatic potential di�erence

24



φ between the graphene and the gate electrode, and the addition of the charge carriers

leads to a shift in the Fermi level (EF ).

The Fermi energy in graphene changes as:

EF (n)=~ |νF |
√
πn (8)

where |νF | = 1.1 · 106 m/sis the Fermi velocity, è is the reduced Planck constant, and

n is the carrier density [33].

Figure 15: Schematic diagram of the 4 probe measurement. A constant current is �owing
between source and drain and a voltage drop between two contacts between them is
measured.

Measured resistivity :

ρ =
W

L

V

ISD
(9)

where W and L are the width and the length of contacted graphene, respectively I SD

is the current between source and drain and V is the measured voltage across the inner

electrodes. The main source of error in this kind of measurement is a length and width

evaluation, usually the error on the absolute magnitude of the resistivity is around 10%.

The carrier mobility can be calculated from eq. 3 when the gate voltage dependence

on resistivity is known.

4.3 Fluorescence quenching

Graphene has an e�ect of quenching of nearby �uorescent objects via non-radiative decay

of the excited emitter with energy transfer to graphene [36, 37, 38]. Non-radiative decay of

�uorescent object results in electron-hole generation in graphene. Fluorescence quenching
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is a remarkable phenomena, as graphene exhibits great electromagnetic �eld coupling

being just one atom thick layer (2,3% in visible spectrum), but indirect photo-generation

by evanescent �eld can be even more e�ective [39]. It was discovered long time ago that

�uorescence quenching has the distance dependance between the �uorescing object and

graphene of z4 [40], meaning that phenomena is highly distance dependent.

In the scope of the thesis, on purpose to investigate �uorescence quenching by graphene,

fabricated samples were investigated with scanning photoluminescence and emitter excited

state lifetime measurements, experimental set-up and details are described in [41].

In scanning photoluminescence measurements, emitters on the sample are excited with

a pulsed laser and photoluminescence (PL) signal is collected from the sample, separated

from the excitation light, by combination of notch and low-pass �lters, and recorded

by photon avalanche photodiode (APD). In our experiment a 532 nm pulsed laser with

the pulse duration of 70 ps, repetition rate from 31.25 kHz to 80 MHz was used. PL

measurement is performed in order to identify structures in the sample. For further

investigation of �uorescence quenching, the emitter excited state lifetime is measured, as

from PL measurement, due to sample bleaching, �uorescence quenching dependence on

varied parameters could not be resolved.

In order to measure the emitter lifetime, a sampling approach has to be used, where

the intensity of the radiating emitter after excitation at a su�ciently high sampling rate is

recorded. For this reason, a Time-Correlated Single Photon Counting technique is used,

employing a pulsed excitation laser synchronized with the APD and measuring the time

between the excitation pulse and the arrival of the photon. As a result, a histogram of

the counts, grouped in to bins is recorded. The integration time (time in which histogram

is collected) is a parameter in�uencing the number of counts obtained and the resulting

signal-to-noise ratio. In order to compare lifetimes from di�erent space spots a 4D data

(2 dimensions of position, time and histogram value) is collected and it is necessary to

�t the histograms and extract a lifetime at each position, data can be plotted as a false

color map.
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5 Results

5.1 Hybrid graphene/quantum dots devices

In order to investigate �uorescence quenching, devices containing emitters at a well de�ned

distance from graphene had to be fabricated. In this way we can study the graphene-

emitter coupling as well as the distance scaling of this interaction.

5.1.1 Fabrication

Colloidal PbS quantum dots were chosen for the role of light emitters, as they have

quite long lifetime, are not conducting, have de�ned size (∼ 1 nm), resulting in small

distribution of lifetimes. More details about quantum dots and important parameters

may be found in [41]. In order to be able to control the distance between graphene and

quantum dots, micron sized holes in the Si/SiO2 substrate were made using FIB and

graphene was transferred on top in order to form a suspended membrane. The suspended

graphene membrane's sagging inside the hole can be altered by the applied electrostatic

�eld (gate voltage), which is the goal for �uorescence quenching investigation. The design

and structure of the samples were changed and improved during the project, but the main

steps remained:

� substrate structuring,

� deposition of quantum dots,

� transfer of graphene,

� contacting of graphene.

FIB was chosen as a tool for surface structuring as it provides sharp, small structures,

not limited by geometry, contrary to other nanofabrication techniques. There was a need

of small structures (in the order of 1 µm), because graphene is wanted to be suspended

on top and if the structures are too big, graphene would collapse inside the structure.

Circular holes were considered as the best shape for the membrane, as the model for the

circular graphene drums de�ection exists [42] and it is convenient to predict the sagging

of graphene. Holes sizes of 750 nm and 1 µm were chosen, as these graphene membranes

could be de�ected more than 20 nm with the applied electrostatic voltage not bigger than

50 V, according to analytical electrostatic de�ection model [41]. The applied voltage is

wanted to be kept small in order not to damage graphene membranes. Once the size of

the holes is de�ned, the depth of the structures has to be de�ned. While choosing the

depth of the structures a few details have to be considered: the distance range for e�cient
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�uorescence quenching, the quantum dots layer thickness, the sagging of the suspended

graphene membrane. We chose 3 di�erent depths, covering the range from 0 to 60 nm

distance between graphene and quantum dots. The range from 0 to 60 nm is chosen in

order to cover the range where graphene and emitters interaction may be tuned.

Figure 16: Circular holes and their resulting diameters. Numbers in white correspond to
the dose used in nC/µm2.

The next step of the sample fabrication is spin-coating of the quantum dot layer. In

order to obtain a 20 nm thick layer, we used a 5 mg/ml PbS solution dissolved in toluene,

and spun cast it on the structure for 25 s at 2000 rpm.

An exfoliated �ake or CVD graphene could be transferred on the mentioned structures.

CVD graphene would cover bigger area of the sample, while with graphene �ake area is

limited by the size of the �ake. A test of CVD transfer resulted in cracked graphene and

not so many membranes on the structures formed, while using a graphene �ake covered

area is well de�ned and it is possible to distinguish it from the PL measurement image,

as quantum dots under graphene are quenched and optical contrast is induced. For that

reason mainly samples with exfoliated graphene �akes were fabricated.

The holes milled with FIB are wanted to be as close as possible to each other in order

to have more holes covered with graphene �ake, but not too close, that quantum dots

would have a uniform distribution across the sample and it would be possible to focus a

laser beam one hole. Also, for good graphene clamping a su�cient surface around the

hole is needed. The chosen optimal distance between the holes was 5 µm.

The optimal structure to fabricate with FIB was chosen to be an array of two sizes

of holes (750 nm and 1µm), each size having 3 di�erent depths (90nm, 110 nm, 130 nm

for 750 nm diameter circles and 105 nm, 125 nm and 145 nm for 1µm). The described

array is repeated in order to �ll bigger area for better graphene �ake positioning and also

for having more holes covered and being able to compare the results. Holes were milled
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with FIB milling current of 50 pA and 30kV acceleration voltage, as structures are not so

small and the milling time is wanted to be shorter as a bigger area with holes is wanted

to be covered.

In order to easily �nd the structure in the PL measurement set-up and also while

positioning graphene �ake and contacting, big markers were made. As making markers

with FIB is time consuming, they were made using optical lithography and evaporating

100 nm of gold.

An alternative structure to holes was designed. As we were not sure if some water

gets trapped in the holes under graphene during graphene transfer, holes of the trench

shape were decided to fabricate (Figure 17). This layout of the sample resulted in bigger

suspended graphene layer area, and the probability to �nd a nice and not distorted by

dust or imperfectness of the surface roughness membrane was increased. Water can get

evaporated underneath graphene, as not all the trenches are covered with graphene.

Figure 17: Trenches structure. Circles are chosen to increase the probability to cover as
many trenches as possible with graphene �ake. a) Widths of the trenches were 705 nm
and 987 nm, having 3 di�erent depths for each (the doses used were the same as those
mentioned in Figure 16).

After a few samples were made and the PL and lifetime measurements were performed,

we noticed that the quantum dot layer gets damaged during the graphene transfer process.

To protect the quantum dot layer two approaches were tested: �rst option was to cover

the quantum dots with a thin layer of alumina, deposited by Atomic Layer Deposition

(ALD). This method did not result in quantum dots protection, as high temperature as

well as reaction with water vapor while deposition is detrimental to the quantum dots

(quantum dots �uorescence was comparable with substrate). An alternative solution tried,

was evaporation of a silica layer (7 nm), which resulted in protection of the quantum dots

layer. The protective layer of silica was more convenient to position graphene �akes, as

these could be moved on the sample substrate during the transfer process for more precise

positioning.
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Figure 18: a) An example of washed away quantum dots layer after graphene transfer.
The dashed line is limiting the area with reduced quantum dots density, although quantum
dots under graphene are protected. b) Sample with silica layer on top of the quantum
dots onto which a graphene �ake was transferred. Dashed line indicates boundaries of the
graphene, which is not visible on the quantum dots layer.

5.1.2 Characterization

An Atomic Force Microscopy was used to characterize the topology of samples. While

determining the depth of the structures it was important to measure the resulting depth

after each step of the fabrication process. After all fabrication steps were realized, the

de�ection of graphene membranes when applying an electric �eld between the backgate

and the graphene �ake AFM was used in order to check the graphene suspension and

formation of the membranes.

Figure 19: a) Optical microscopy image of hybrid quantum dots/graphene device. b) AFM
image of suspended graphene on holes of the same device. Dashed black line indicates
the area of single layer graphene.
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Figure 20: Sample with trenches structures: a) Optical microscopy b) Photoluminescence
scan c) AFM images. Dashed black line follows the boundary of bilayer graphene. Bright
area in b) image is uncovered area, which is not quenched by graphene.

It was possible to see graphene e�ect on the quantum dots from the PL measurements

(Figure 20). Area that is not covered with graphene is brighter, compared with the area

that is cover with bilayer graphene. Trenches are brighter, as there quantum dots are in

a distance from graphene and quenching e�ect is decreased.

It was not possible to have a reproducible result on graphene de�ection, as graphene

membranes were not �at and was dependent on surface roughness and inhomogeneities.
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5.2 Suspended graphene nanostructures for plasmonics

5.2.1 Fabrication and characterization

As mentioned in the theoretical part of the thesis next step of graphene plasmons investi-

gation is to fabricate samples of suspended graphene and check if that increases plasmons

propagation length. Gold was chosen as a substrate on which to suspend graphene as it

re�ects plasmons from the edges, because of the dielectric contrast between gold and air.

Trying to repeat the experiment described in [18], but with suspended graphene, taper

shaped holes were milled with FIB in gold (40 nm) on silica on silicon substrate. The dose

of the milling was chosen to remove all the gold layer. 4 di�erent widths of the base of the

triangles were chosen (around 500 nm, 800 nm, 1,5 mm and 2 mm) and the same length (5

mm) in order to have a di�erent taper angle, to check if that a�ects graphene suspension on

the substrate. Graphene can be suspended just on small structures, because if structure

is too big graphene just follows the conformation of the substrate. Made structures are

imaged in Figure 21. The pattern was repeated in order to �ll bigger area that it would

be more convenient for graphene �ake transfer (easier to position a �ake and possible to

see structures with optical microscope).

Figure 21: Triangle shape holes in gold of 4 di�erent width to length ratios

After a �ake transfer and imaging with AFM we could conclude that graphene was

suspended just up to 500 nm width of the taper and for the bigger width it was collaps-

ing inside the taper and touching silica. Sample was investigated with scattering-type

scanning near-�eld optical microscopy and no plasmons could be visualized. The width

of 500 nm is not enough to see the propagating plasmons. There was a need of designing

di�erent structure in order to keep graphene suspended up to bigger widths of the taper.

The structure that could support graphene is a bridge. Tapers with bridges starting

from 500 nm width of the taper and repeated every 200 nm (after the width of the taper
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increased to 2 mm, every 100 nm) were made. The maximum width of the taper is 3 mm

and length 10 mm. Taper pattern was repeated for the same reasons as mention before.

The bridges for graphene support are 40 nm wide. The dose of the milling was chosen

su�cient to remove all the layer of gold (around 40 nm). The challenge of making this

kind of structure is that bridges are removed while milling structures of just 200 nm or

100 nm close to each other (Figure 22). FIB milling current of 2 pA and 30kV acceleration

voltage were used in order to have precise structures. A few tests were made in order

to de�ne the distance between the trapeziums that would result in not removed gold in

between them.

Figure 22: Taper structures with bridges for supporting graphene suspension

After exfoliated graphene transfer on the mentioned structures, AFM imaging showed

suspended graphene with around 15 nm sagging inside the structure (Figure 23). Graphene

collapsed in some of the trenches, but then other bridges were supporting graphene in the

next trenches. Graphene got suspended up to 2 mm width of the taper, that would be

enough to image plasmons. In order to tune plasmon resonance it is necessary to change

the doping of graphene. It is not clear how suspended graphene on gold would react to

doping with changing back gate voltage. There are two e�ects that are a�ecting doping

in suspended graphene, one is that carriers from gold are di�using to graphene and giving
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it intrinsic doping and the other e�ect is gold screening the applied electrical �eld and

reducing the e�ective length of the graphene where electric �eld is induced. The sum of

these e�ects may limit the e�ect created with back gate voltage.

Raman spectroscopy was chosen as a tool to monitor change of graphene doping. Back

gate voltages up to 60 V were applied recording Raman spectrum for di�erent voltages.

There was no noticeable doping up to 24 V and after applying 60 V sample started leaking,

so no conclusive results were achieved.

Figure 23: AFM images of graphene on tapers with bridges for support

In order to reduce the e�ect of gold screening the thickness of the gold layer was

reduced to 10 nm for the next sample. The spacing between the bridges was increased to

400 nm in order to have bigger suspended graphene areas. The depth of the structures

was chosen to be around 100 nm, for that reason not only gold but part of the silica layer

had to be milled. The new con�guration of the structure was giving a new challenge, as

the thinner gold layer is easily destroyed with ions and while milling even deeper to the

silica it is complicated to leave golden bridges not a�ected. After a few test the milling

parameters of the FIB and structure geometry were de�ned that were resulting in wanted

structures (2 pA milling current and 30 kV acceleration voltage, 0,2 nC/mm2 dose, that was

achieved with many scans of 1 ms).

Mechanically exfoliated �ake was transferred on the top of the mentioned structures.

AFM images (Figure 24 and Figure 25) show suspended graphene. It is seen that graphene

does not form a �at and uniform membrane, but rather wrinkled and stretched at the

support bridges interface. Repeating the trend noticed from the previous sample graphene
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collapses in some of the trenches and always in the �rst narrowest triangle. The wrinkles

tend to point toward the collapsed trenches indicating induced mechanical stress.

Raman experiment with applied di�erent back gate voltages was repeated for this

sample. Results are presented in the next section, comparing them with a control sample

of CVD graphene.

Figure 24: AFM images of the suspended single layer graphene on taper structure with
the bridges for graphene support

Figure 25: AFM images of the suspended single layer graphene structures with better
resolution. Graphene does not form a �at and uniform membrane, but rather wrinkled
and stretched at the support bridges interface. By designing the structure with support
bridges we made freestanding graphene with widths up to ∼ 2 mm.
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5.2.2 Doping

In theoretic part of the thesis two ways to change carrier concentration in graphene

were presented. Both methods are relative for di�erent applications, in the scope of the

project there was a need to induce doping, control and de�ne it. Experimental results are

presented in this section.

Back gate doping

Figure 26: Raman spectra of the CVD graphene Hall bar sample. The curves are o�set
for clarity.

As we were not sure if we would be able to see back gate doping on suspended graphene

structures due to gold screening and di�usion of the carriers to the graphene, a test of the

Raman measurement was done on a CVD graphene sample. CVD graphene was etched

and contacted to form a Hall bar.

In Figure 26 Raman spectra for 4 di�erent back gate voltages is presented, spectra

were measured while increasing voltage. In order to avoid sample damage with increase

of voltage, it was increased in 0.02 V steps. It was noticed that spectra response is not

the same while increasing back gate voltage and for the spectra taken while decreasing

the voltage.

We were paying attention to the G peak position and ratio between G and 2 D peaks,

as these parameters indicate the change of doping [33]. The resolution of the spectrometer

used (inVia Raman microscope, by Renishaw) is 1 cm−1, the G peak shifts noticed were

less than the resolution, but applying Lorentzian �ts to the data it is possible to see
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G peak position change (Figure 28, Figure 27) for both, CVD graphene Hall bar and

suspended graphene samples.

Figure 27: G peak of the CVD graphene Hall bar sample. Solid lines are Lorentzian �ts.
The curves are o�set for clarity.
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Figure 28: G peak of the suspended graphene structures on gold. Solid lines are Lorentzian
�ts. The G peak changes position with applied voltage, indicating a change in the carrier
density in graphene. The curves are o�set for clarity.

In Figure 29 G the peak position and the ratio between G and 2 D peak intensity

for the CVD graphene Hall bar sample and the sample with suspended graphene are

presented. Values are not the same for increasing and decreasing voltage, indicating a

drift of the Dirac peak (e.g. due to air exposure). Therefore, the observations are not 100%

conclusive. The trend for CVD graphene and suspended graphene samples is evident, as

while increasing voltage G peak position shifts to lower values and ratio between the

intensity of G and 2 D peaks gets higher, and while decreasing back gate voltage G peak

position keeps slowly shifting to lower values. The ratio between G and 2D peaks intensity
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acts di�erent while decreasing back gate voltage: it keeps getting higher for CVD Hall

bar sample and decreases for suspended graphene sample.

Figure 29: G peak position change with applied back gate voltage: a) For CVD graphene
Hall bar sample c) for suspended graphene structures on gold; Intensity ratio between
G and 2D peaks change with applied back gate voltage: b) For CVD graphene Hall bar
sample d) for suspended graphene structures on gold. Di�erent data sets for the values
while increasing and decreasing voltage.

Chemical doping

An alternative to back gate doping is chemical doping. Chemical doping is not an inter-

active way to dope graphene, but it may result in much higher doping and it does not

require contacting of graphene. CaF2 was chosen as a new substrate, as it does not absorb

radiation in the mid-infrared and is often used as an optics material for applications in this

range of wavelengths. In Figure 30 normalized Raman spectra of single layer graphene on

CaF2 before and after 17 minutes of chemical doping with nitric acid vapor is presented.

A G peak position shift of 5 cm−1 was achieved and the ratio between 2D and G peaks

decreased from 10 to 2,7 (Figure 31). Relating the induced G peak position shift with

the graphene doping results presented in [33] (Figure 14), the corresponding Fermi energy

shift is found to be ∼200 meV. The change of the ratio between 2D and G peaks could

not be compared as it is highly substrate dependent. In the mentioned experiment the

substrate is silica and in our case it is CaF2. The drawback of chemical doping is that

the induced e�ect decreases in time (data is presented in Appendix).
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Figure 30: Single layer graphene spectra before and after chemical doping with nitric acid.
The G peak is a�ected by the chemical treatment.

Figure 31: G peak of single layer graphene before and after chemical doping with
Lorentzian �ts. Induced G peak shift due to doping is 5,02 cm−1. The height of the
peak is reduced by the factor of ∼ 3 due to doping.

5.3 Mobility measurement

High mobility is essential for plasmonic applications of graphene. In order to estimate

mobility of the graphene that may be reached with our mechanical exfoliation and wedging
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transfer techniques, a 4-probe measurement was performed. A sample with 4 gold contacts

was made using e-beam lithography and a SLG �ake was transferred on top. The highest

mobility measured is 3200 cm2/V·s corresponding to the back gate voltage value of 7 V and

18 V.

Figure 32: 4 probes measurement results. a) Resistance dependence on back gate voltage.
The fact that highest resistance is for the back gate voltage of 13 V tells about the high
intrinsic doping of graphene. b) Mobility dependence on back gate voltage

Mobility was calculated using eq. 3 taking into account the thickness of the SiO2 layer

of 285 nm, resulting in capacitive coupling of 1,15 ·10−8 F/cm2, length to width ratio was

approximated to be 0,5, where the length is considered to be the distance between the

contacts between which the voltage drop is measured.
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Conclusions and outlook

During the master project, nanofabrication techniques were studied and applied to graphene

sample fabrication. Samples were fabricated with two di�erent purposes, resulting in op-

timization of devices for strong interaction of graphene with quantum dots and graphene

plasmonic nanocavities.

We used FIB milling and wet graphene transfer to make plasmonic graphene nanocav-

ities suspended in air and supported by gold. We engineered the shape of the trenches

in gold to enable suspension of graphene at widths up to 2 µm. For the quantum dot

project, we developed structures design, way to produce a uniform quantum dot layer, to

protect it and to suspend graphene on circular holes and also trenches of 750 nm and 1

µm width.

E�ects of graphene electrical and chemical doping were investigated, concluding that

chemical doping has a strong doping e�ect, although decaying in time. Two days after,

doping e�ect was reduced by half, so we could conclude that, chemical doping has limited

application potential.

We measured the mobility of graphene made in our lab by exfoliation and wet transfer.

The measured mobility is 3200 cm2/Vs.

After fabrication of suspended graphene structures on gold it could be concluded that

graphene does not form uniform membranes, but rather wrinkled ones. Plasmons were

not possible to excite and detect by scattering-type scanning near-�eld optical microscopy.

One of the further steps that could be considered in order to create plasmons in

suspended graphene is implementation of dry graphene transfer that may result in better

mobility of graphene. Another challenge is to �nd a way to produce �atter graphene

membranes. It is possible to use other substrates for structuring, like CaF2, ZnSe, BN

or others, to eliminate screening of the electric �eld by gold. Higher mobility could also

be achieved by changing the sample design and, instead of using suspended graphene,

structure it in a way that it is placed on higher mobility substrates, like boron nitride.

A further step for hybrid graphene/quantum dot devices is to �nd a way to have

the sample surface more uniform, making it possible to reproducibly measure graphene

motion. Once this step is overcome graphene de�ection may be used for mass, pressure

or distance sensing, as well as for fundamental physics research of cooling a membrane to

its fundamental quantum state.
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Appendix

Figure 33: Structures made by FIB for investigation of plasmons in suspended graphene
on 40 nm of gold a) SEM image b) Optical microscopy image of the structures with
transferred graphene on top. Black solid lines indicate the area of graphene, as it is not
well seen when graphene is transferred on top of gold.

Figure 34: Graphene �ake on the contacts for 4 probe measurement. Dashed black line
de�nes the area of graphene.
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Figure 35: Raman spectra of the suspended graphene structures on gold with di�erent
applied back gate voltage. Di�erent graphs represent data at di�erent voltages. The
curves are o�set for clarity.
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Figure 36: Lorentzian �t on G peak of Raman spectrum of graphene �ake on CaF2

substrate. Measurement done before chemical doping, after 15 min of doping and after a
few days after in order to check the e�ect of decay in time.

Figure 37: Chemical doping e�ect decay. a) Change in G peak position b) Change in
ratio between G and 2 D peak intensity. -1 corresponds to data before doping, 0 - after
15 min of doping and other data points are taking after corresponding number of days.

Figure 38: 4 probes measurement results after graphene treatment with chloroform (for 1
hour). a) Resistance dependence on back gate voltage. b) Mobility dependence on back
gate voltage. Highest mobility is 2200 cm2/V·s

46



Figure 39: 4 probes measurement results after 3 weeks. a) Resistance dependence on
back gate voltage. b) Mobility dependence on back gate voltage. Highest mobility is 1000
cm2/V·s, indicating that graphene mobility decreases in time, although sample was stored
in controlled temperature and humidity atmosphere.
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